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The  nanostructured  CoriCh  core -Ptrich  shell /C  electrocatalysts  were  prepared  by  combining  the  thermal 
decomposition  and  the  chemical  reduction  methods.  The  particle  size  of  homemade  CoriCh  core-Ptrich  shell /C 
analyzed  by  TEM  was  significantly  greater  than  that  of  Pt  grain  size  calculated  from  the  XRD  data  due  to 
the  existence  of  Co  in  core.  The  mass  activity  and  specific  activity  of  oxygen  reduction  reaction  (ORR) 
at  the  overpotential  (rj)  of  0.1  V  were  6.69Ag_1  and  1.51  x  10_5Acnrr2  for  Pt/C,  and  10.22Ag-1  and 
2.73  x  10~5  A  cm-2  for  CoriCh  core-Ptrich  shell /C  in  0.5  M  HC104  aqueous  solution  at  25  °C.  The  Tafel  slopes  of 
ORR  on  Pt/C  and  CoriCh  core-Ptrich  shell /C  electrocatalysts  were  obtained  as  64  and  67  mV  dec-1  at  a  lower  p 
(50-100  mV),  and  116  and  110  mV  dec-1  at  a  higher  p  (120-200  mV).  The  exchange  current  densities  of  ORR 
on  Pt/C  and  CoriCh  core-Ptrich  shell /C  evaluated  based  on  the  higher  Tafel  slope  regions  were  6.76  x  10-5  and 
9.21  x  10“5  A  cnrr2,  respectively.  The  experimental  results  indicated  that  the  ORR  on  Corich  core-Ptrich  shell /C 
electrocatalyst  in  0.5  M  HC104  aqueous  solution  was  a  four  electron  transfer  mechanism  and  first  order 
with  respect  to  the  dissolved  oxygen. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Compared  with  other  power  sources,  the  advantages  of  fuel  cells 
are  generally  recognized  with  the  characteristics  of  high  energy  effi¬ 
ciency  and  environment  friendliness.  However,  the  high  cost  of  the 
Pt  electrocatalysts  is  one  of  the  main  obstructions  for  commercial¬ 
izing  fuel  cells.  Therefore,  electrocatalysts  used  for  fuel  cells  have 
been  extensively  studied  aiming  to  improve  catalytic  activity  at 
low  cost.  Developing  cathodic  catalysts  with  high  electroactivity 
for  oxygen  reduction  reaction  (ORR)  is  one  of  the  main  challenges. 
Platinum  and  its  alloys  supported  on  carbon  black  are  extensively 
used  as  the  cathodic  electrocatalysts  because  of  the  four-electron 
mechanism  for  reducing  O2  to  H2O  in  the  low  and  medium  tem¬ 
perature  proton  exchange  membrane  fuel  cells  (PEMFC)  [1].  Using 
Pt-M  alloys  (M  is  the  transition  metals)  as  the  cathodic  electro¬ 
catalysts,  the  promotion  in  the  ORR  electroactivity  is  attributed  to 
decreasing  the  Pt-Pt  distance  (geometric  effect)  and  forming  an 
electronic  structure  with  higher  5 d  orbital  vacancies,  which  led  to 
an  increase  in  tt  electron  donation  from  02  to  the  Pt  surface  (elec¬ 
tronic  effect)  [1].  Accordingly,  the  utility  of  Pt  increases,  and  the 
amount  of  expensive  Pt  can  be  effectively  decreased.  Recently,  Pt-Co 
alloys  have  been  extensively  developed  as  the  cathodic  electrocat¬ 
alysts  in  PEMFC  because  of  the  significant  enhancement  in  ORR  on 
Pt-Co  alloys  [2-8]. 
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The  unfavorable  effect  of  transition  metal  ions  such  as  Fe3+, 
Co2+,  and  Ni2+  in  the  electrolyte,  which  simulates  the  dissolution 
of  transition  metal  from  the  Pt-M  alloys  electrocatalysts,  on  the 
electroactivity  of  ORR  have  been  demonstrated  in  the  literatures 
[2,6-9].  One  of  the  possible  ways  to  overcome  the  dissolution  of 
transition  metals  from  Pt-M  is  to  prepare  the  transition  metals  at 
the  core  and  the  Pt  at  the  shell  (Mrichcore-Ptrichshell)  type  of  elec¬ 
trocatalyst.  Using  Mrichcore -Ptrich  shell  as  the  electrocatalyst  of  ORR, 
the  transition  metal  (M)  at  the  core  can  be  protected  by  the  Pt  at 
the  shell,  and  the  dissolution  of  transition  metal  and  the  decay 
of  the  electroactivity  may  be  inhibited.  The  Corichcore-Ptrichshell/C 
designed  and  prepared  as  the  cathodic  electrocatalyst  used  for  ORR 
was  studied  in  our  previous  research  [10]. 

In  this  study,  the  thermal  decomposition  of  dicobalt  octacarbinyl 
(Co2(CO)8)  and  the  reduction  of  platinum  acetylacetonate 
(Pt(acac)2)  in  series  were  used  to  prepare  Corichcore-Ptrichshell 
on  carbon  powder  (XC-72)  (Corichcore-Ptrichshell/C).  The  proper¬ 
ties  of  homemade  electrocatalysts  and  the  kinetics  of  ORR  on  the 
CoriCh  core  "Ptrich  shell /C,  which  was  prepared  on  the  rotating  disk 
electrode,  were  also  examined. 

2.  Experimental 

The  carbon  support  was  pretreated  by  mixing  5  g  carbon  black 
(XC-72,  Cabot)  with  50  ml  65%  HN03  aqueous  solution  and  heated 
to  100  °C  for  8h.  After  filtration  and  washing  with  deionized  (DI) 
water  several  times,  the  carbon  black  was  dried  in  a  vacuum  oven 
at  70  °C  for  24  h  and  used  as  the  support  for  preparing  electrocat- 


354 


M.H.  LeeJ.S.  Do  /  Journal  of  Power  Sources  188  (2009)  353-358 


alysts.  The  solution  of  60  mg  Co2(CO)8  (95%,  Acros)  dissolved  in 
10  ml  diphenyl  ether  (dpe,  >98%,  Merck)  mixed  with  100  mg  carbon 
black  was  sparged  with  N2  for  30  min,  and  then  heated  to  142  °C 
and  refluxed  in  N2  atmosphere  for  30  min  to  prepare  Co/C.  Then, 
50 mg  platinum  acetylacetonate  (Pt(acac)2,  98%,  Strem),  100 mg  1, 
2-hexadecanediol  (90%,  Aldrich),  56  jjlI  oleic  acid  (65-68%,  Merck), 
and  61.5  pJ  oleylamine  (70%,  Aldrich)  were  added  and  increased 
the  temperature  to  205  °C  for  1  h  to  prepare  Pt  onto  Co/C.  The  elec¬ 
trocatalyst  was  obtained  by  centrifuging  (6000  rpm)  and  washing 
with  ethanol  several  times,  and  then  dried  at  a  100  °C  vacuum  oven 
for  24  h.  The  Pt/C  was  also  prepared  to  get  the  similar  Pt  loading  of 
COfich  core  -Ptrich  shell /£• 

The  morphologies  of  Pt/C  and  Corich  core -Ptrich  shen/C  were  char¬ 
acterized  by  using  transmission  electron  microscopy  (TEM,  JEOL 
JEM-1010)  with  an  accelerating  voltage  of  120  kV.  The  crystal  struc¬ 
ture  and  grain  size  of  the  electrocatalysts  were  analyzed  and 
evaluated  by  the  X-ray  diffractometer  (XRD,  SHIMADZU  XRD-6000) 
with  Cu  Ka  radiation  (A,  =  1.54  A,  40  kV  and  30  mA)  over  20  angle 
from  20  to  90°  at  a  rate  of  2°  min-1 . 

The  electrochemical  properties  of  the  homemade  electrocata¬ 
lysts,  which  were  mixed  with  Nation®  solution  and  cast  on  a  glassy 
carbon  disk  electrode  (5  mm  OD)  mounted  in  an  interchangeable 
RDE  holder  (Pine  Instruments),  were  examined  in  0.5  M  HC104 
aqueous  solution  at  25  °C.  The  electrocatalyst  layer  on  RDE  was 
prepared  by  casting  7  p,l  of  electrocatalyst  slurry  obtained  by  mix¬ 
ing  10  mg  electrocatalysts  (Pt/C  or  Corichcore-Ptrichshell/C),  100  pJ 
Nation®  solution  (5  wt.%,  Du  Pont)  and  500  p,l  DI  water,  respectively. 
The  Pt  electroactive  areas  of  electrocatalysts  were  measured  by  the 
cyclic  voltammetry  (CV)  with  the  scan  range  and  rate  of  0.05-1.2  V 
and  50mVs-1  in  0.5  M  HCIO4  under  N2  atmosphere.  The  linear 
sweep  voltammetry  (LSV)  on  hydrodynamic  RDE  with  the  rotating 
rate  of 400-2000  rpm  was  performed  at  the  scan  rate  of  0.5  mV  s-1 . 
The  gas  with  a  suitable  partial  pressure  of  02  was  first  sparged  at 
40  ml  min-1  into  the  electrolyte  for  30  min,  and  then  kept  flowing 
above  the  electrolyte  during  the  ORR  measurements. 


3.  Results  and  discussion 

3  A.  Characterization  of  Pt/C  and  Corich  Core-ptrich  shell/ 'C 


particle  size  /  nm 


The  good  dispersion  of  Pt  and  Corichcore-Ptrichsheii  particles  on 
the  carbon  support  was  found  in  TEM  images  as  shown  in  Figs. 
1(a)  and  2(a).  The  particle  sizes  of  Pt  and  Corich  core-Ptrich  Sheii  on  the 
support  were  found  to  be  2-5  and  3-6  nm,  and  their  mean  parti¬ 
cle  sizes  estimated  according  to  Figs.  1(b)  and  2(b)  were  3.58  and 
4.12  nm,  respectively.  The  Co  core  covered  with  Pt  shell  resulted  in 
the  greater  particle  size  of  Corichcore-Ptrich  shen  than  that  of  Pt. 

The  peaks  of  XRD  patterns  of  Pt/C  and  Corich  core -Ptrich  shell /C  at 
20  of  39.79,  46.28,  67.53,  81.34  and  85.79°  corresponded  to  the 
crystal  planes  of  (111),  (2  0  0),  (2  2  0),  (31  1)  and  (2  2  2)  repre¬ 
sented  the  fee  structure  of  Pt  as  illustrated  in  Fig.  3.  The  grain 
size,  Pt-Pt  interatomic  distance  and  lattice  parameter  of  the  Pt/C 
estimated  by  the  Scherrer’s  equation  [11]  based  on  the  crystal 
face  of  (1  1  1 )  (2 0  =  39.79° )  were  3.06  ±  0.014, 0.227,  and  0.3920  nm, 
respectively.  As  shown  in  Table  1,  similar  results  were  obtained 
for  Corich  core -Ptrich  shell /c  electrocatalyst.  However,  the  Pt  grain 


Fig.  1.  (a)  TEM  photographs  and  (b)  particle  size  distribution  of  Pt/C. 


size  of  Corich  core -Ptrich  sheii /C  obtained  to  be  3.17  ±  0.009  nm  was 
slightly  greater  than  that  of  Pt/C.  The  results  in  Fig.  3  also  revealed 
that  the  Pt  diffraction  peaks  of  CoriCh  core -Ptrich  shell /C  were  slightly 
shifted  to  higher  20  values  in  comparison  with  Pt/C.  The  shift  in 
Pt  (1 1 1)  diffraction  peak  from  39.79°  (Pt/C)  to  a  higher  value  of 
40.05°  (COnch  core  "Ptrich  shell /c)  (Table  1)  was  deduced  to  the  incor¬ 
poration  of  Co  into  the  Pt  fee  structure.  The  Pt-Pt  interatomic 
distance  and  lattice  parameter  of  CoriCh  core"Ptrich  shell /C  were  0.225 
and  0.3878  nm,  respectively.  Based  on  the  shift  in  diffraction  angle 
and  the  change  in  Pt  lattice  parameter,  the  alloying  degree  of  the 
Corich core -Ptrich shell  was  calculated  according  to  Vegard’s  law  [12] 
to  be  14.75%  (Table  1).  The  low  alloying  degree  and  absence  of  the 
Co  diffraction  peaks  in  the  XRD  pattern  indicated  that  the  structure 


Table  1 

Crystal  structure  characteristics  of  Pt/C  and  CoriCh  core -Ptrich  sheii/C. 


Catalysts 

20  ofPt(l  1 1)(°) 

Grain  size3  (nm) 

Pt-Pt  interatomic  distance  (nm) 

Lattice  parameter  (nm) 

Degree  of  alloying  (%) 

Pt/C 

39.79 

3.06  ±  0.014 

0.227 

0.3920 

- 

C0rjdi  core  “Ptrich  shell  /C 

40.05 

3.17  ±  0.009 

0.225 

0.3878 

14.75 

Conditions  for  preparing  electrocatalysts:  Pt/C:  100  mg  XC-72,  10  ml  dpe  solution  with  composition  of  [Pt(acac)2]:  [1,2-hexadecandiol]  =  12.72  mM:  38.69  mM,  CoriChcore- 
Ptnch  shell /C:  200  mg  XC-72,  20  ml  dpe  solution  with  composition  of  [Co2(CO)8]:  [Pt(acac)2]:  [1,2-hexadecandiol]  =  14.57  mM:  12.72  mM:38.69  mM. 
a  The  grain  sizes  were  calculated  based  on  the  crystal  face  of  Pt  (1 1 1 )  from  XRD. 
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(a) 


particle  size  /  nm 

Fig.  2.  (a)  TEM  photographs  and  (b)  particle  size  distribution  of  Corich  core-Ptrich  shell /C. 


Fig.  3.  XRD  SpeCtraS  of  Pt/C  and  Corjchcore-Ptrich  shell /C. 
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Fig.  4.  Cyclic  voltammograms  of  Pt/C  and  Corich  core-Ptrich  shell /C  in  0.5  M  HC104. 
WE:  Pt/C,  geometric  area  of  WE  =  0.196cm-2,  RE:  RHE  (0.5  M  HC104),  CE:  Pt  foil, 
temperature  =  25  ±0.5  °C,  scan  rate:  50mVs-\  scan  range  =  0.05-1.2 V,  N2  flow 
rate  =  40  ml  min-1  for  30  min. 


of  Corich  core-pi:rich  shell  was  near  the  Pt  shell  covered  on  the  relative 
small  Co  core. 

3.2.  Electrochemical  properties  of  Pt/C  and  Corich  core-Ptrich  shell!  C 

Using  Pt/C  and  Corich  COre-Ptrich  shell /C  as  the  cathodic  electrocat¬ 
alysts,  the  similar  cyclic  voltammograms  in  0.5  M  HC104  aqueous 
solution  under  N2  atmosphere  were  found  in  Fig.  4.  The  cathodic 
and  anodic  peaks  located  in  the  potential  range  of  0.05-0.4  V  were 
caused  by  the  reduction  of  proton  and  the  hydrogen  desorption, 
respectively.  The  formation  and  reduction  of  oxides  were  found 
for  the  potentials  greater  than  0.6  V.  The  Pt  electroactive  areas  of 
Pt/C  and  Corichcore-Ptrichshell/C  evaluated  according  to  the  charges 
for  oxidizing  hydrogen  adsorbed  on  Pt  surface  were  44.16  and 
37.50  m2  g-1,  respectively.  The  LSV  of  ORR  on  Pt/C  and  Corich  core- 
Ptrich  shell /C  in  the  oxygen  saturated  0.5  M  HC104  aqueous  solution 
with  various  rotating  rates  at  25  °C  were  illustrated  in  Figs.  5(a)  and 
6(a).  The  results  indicated  that  the  ORR  was  controlled  by  the  diffu¬ 
sion  of  dissolved  oxygen  from  bulk  solution  to  the  electrode  surface 
when  the  potential  was  less  than  0.7  V.  The  limiting  current  densi¬ 
ties  of  ORR  were  progressively  increased  with  the  rotating  rate  due 
to  the  increase  in  the  mass  transfer  rate  of  the  dissolved  oxygen. 
For  the  potential  in  the  range  of  0.7-0.85  V,  the  ORR  was  under  the 
diffusion-kinetic  mixing  control. 


The  current  density,  mass  activity  (MA)  and  specific  activity  (SA) 
of  ORR  in  0.5  M  HC104  saturated  with  02  were  evaluated  at  the 
kinetic  control  region,  i.e.  the  potential  greater  than  0.85  V  in  Figs. 
5(a)  and  6(a).  Compared  with  Pt/C  the  greater  current  density,  MA 
and  SA  of  ORR  on  Corich  core  -Ptrich  shell  /C  at  rj  =  0.1  V  (Table  2 )  revealed 
that  the  electroactivity  of  ORR  on  Corich  core-Ptrich  shell /C  was  greater 
than  that  on  Pt/C.  The  overpotential  {p)  of  the  electrocatalytic  ORR 
was  defined  as  the  difference  between  the  applied  potential  and 
the  open  circuit  potential  (OCP).  The  OCPs  of  ORR  on  the  Pt/C  and 
CoriCh  core-Ptrich  shell /C  were  experimentally  found  to  be  0.97  and 
0.98  V,  respectively.  The  MA  and  SA  of  ORR  on  Corich  core-Ptrich  shell/C 


Table  2 

The  electrochemical  characteristics  of  ORR  on  Pt/C  and  Corich  core-Ptrich  shell /C. 


Electrocatalyst 

cda  (A cm-2) 

MAb  (Ag-1) 

SAC  (A cm-2) 

Pt/C 

2.83  x  10“4 

6.69 

1.51  x  10“5 

Corich  core-Ptrich  shell 

4.11  x  10“4 

10.22 

2.73  x  10“5 

WE:  Pt/C  or  Corich  core-Ptrich  shell /C,  geometric  area  of  WE  =  0.196  cm-2,  RE:  RHE 
(0.5  M  HC104),  CE:  Pt  foil,  electrolyte:  0.5  M  HC104  saturated  with  02,  tem¬ 
perature  =25  ±0.5  °C,  scan  rate:  0.5  mV s-1,  scan  range  =  0.4-1.05  V,  02  flow 
rate  =  40  ml  min-1  for  30  min. 
a  Current  density  of  ORR  at  overpotential  of  0.1  V. 
b  Mass  activity  of  ORR  at  overpotential  of  0.1  V. 
c  Specific  activity  of  ORR  at  overpotential  of  0.1  V. 
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Fig.  5.  (a)  Linear  scan  voltammograms,  (b)  mass  transport  corrected  Tafel  plots,  (c)  Levich-Koutecky  plots  and  (d)  dependence  log(j)  versus  log(l  -j/jL)  for  ORR  on  Pt/C  in 
oxygen  saturated  0.5  M  HC104  with  various  rotating  rates.  WE:  Pt/C,  geometric  area  of  WE  =  0.196  cm-2,  RE:  RHE  (0.5  M  HC104),  CE:  Pt  foil,  electrolyte:  0.5  M  HC104  saturated 
with  O2,  temperature  =  25  ±  0.5  °C,  scan  rate:  0.5  mVs-1,  scan  range  =  0.4-1.05  V,  O2  flow  rate  =  40mlmin_1  for  30  min. 


were  1.5  and  1.8  folds  for  that  on  Pt/C.  The  higher  electroactivity  of 
ORR  on  CoriCh  core “Pf rich  shell /C  was  deduced  to  be  the  shorter  Pt-Pt 
interatomic  distance  (Table  1 )  and  the  electronic  effect  caused  by 
the  presence  of  Co.  It  is  known  that  the  enhancement  in  the  ORR 
activity  on  Pt  based  alloy  catalysts  is  generally  correlated  to  the 
change  in  Pt-Pt  interatomic  distance  [1  ].  Thus,  it  was  believed  that 
the  Pt-Pt  interatomic  distance  played  an  important  role  in  the  elec¬ 
trocatalysis  of  ORR. 

3.3.  Kinetics  of  ORR  on  Pt/C  and  Corich  core-Ptnch  shell/ ^ 

The  ORR  could  be  divided  into  the  kinetic,  mixed  and  mass 
transfer  controlled  regions  with  the  potentials  greater  than  0.85  V, 
located  within  0.85-0.7  V  and  less  than  0.7  V  as  indicated  in  the  LSV 
curves  (Figs.  5(a)  and  6(a)).  Two  Tafel  slopes  of  64  and  116  mV  dec-1 
at  a  relative  lower  rj  (50-100  mV)  and  a  higher  ri  (120-200  mV) 
mV  were  obtained  from  the  almost  overlapped  mass  transport 
corrected  Tafel  plots  of  ORR  on  Pt/C  with  various  rotating  rates 
(Fig.  5(b)).  Similar  results  were  also  obtained  for  ORR  on  Corich  core- 
Ptrich  shell /C  with  two  Tafel  slopes  of  67  and  110  mV  dec-1  at  the 
lower  and  higher  as  shown  in  Fig.  6(b).  The  small  Tafel  slope 
(~60  mV  dec-1 )  on  the  electrocatalysts  at  a  relative  lower  r\  might 
be  due  to  the  formation  of  Pt  oxides  and/or  the  adsorption  of  OFI 
species  on  the  electrode  surface  [13].  For  the  overpotential  greater 
than  120  mV,  the  reduction  of  oxides  and/or  the  desorption  of 
OH  species  existed  on  the  surface  of  electrocatalysts  resulted  in 
an  increase  in  the  Tafel  slope  to  a  higher  value  (~120mVdec_1). 


Damjanovic  et  al.  [14,15]  proposed  that  the  small  Tafel  slope  of 
ORR  at  the  low  overpotential  region  (<100  mV)  might  be  caused 
by  the  oxygen  reduction  on  an  oxide-covered  Pt  surface,  and  the 
higher  Tafel  slope  at  the  high  overpotential  region  (>120  mV)  was 
due  to  the  low  coverage  of  oxygen-containing  species  on  the  elec¬ 
trode  surface.  The  exchange  current  densities  of  ORR  on  Pt/C  and 
CoriCh  core "Ptrich  shell /c  determined  based  on  the  higher  Tafel  slope 
were  found  to  be  6.76  x  10-5  and  9.21  x  10-5  A  cm-2,  respectively, 
at  25  °C.  The  experimental  results  implicated  that  the  fast  ORR 
kinetic  would  be  obtained  on  Corich  core "Ptrich  shell /C  rather  than 
Pt/C.  However,  based  on  the  similar  Tafel  slopes  of  ORR  on  both 
Pt/C  and  Corich  core "Ptrich  shell /c  suggested  that  they  had  the  same 
ORR  reaction  mechanisms. 

Figs.  5(c)  and  6(c)  represented  the  inverse  current  densities  of 
ORR  (j-1)  on  Pt/C  and  Corichcore-Ptrich  shell /c  as  a  function  of  the 
inverse  of  the  square  root  of  rotating  rate  (&>-0-5)  at  various  over¬ 
potentials,  the  so-called  Levich-Koutecky  plots.  In  a  film-coated 
electrode  surface,  the  overall  current  density  (j)  was  related  to  the 
kinetic  current  density  (jk),  the  liquid  film  diffusion-limited  cur¬ 
rent  density  (jd),  and  the  Nation®  film  diffusion-limited  current 
Of)  as  shown  in  Eq.  (1).  The  effect  of  the  Nation®  film  diffusion 
could  be  neglected  in  the  present  condition  since  the  mass  ratio 
of  Nation®  and  the  electrocatalyst  (1.15  pJ  5  wt.%  Nation®  in  7  [xl  of 
slurry)  within  the  film-type  electrode  was  sufficiently  small,  that 
is,  the  small  diffusion  resistance  through  the  Nation®  film  [13,16]. 
Thus,  the  overall  measuring  current  density  of  ORR  could  be  writ¬ 
ten  as  depending  on  the  kinetic  current  density  and  the  diffusion 
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Fig.  6.  (a)  Linear  scan  voltammograms  (b)  mass  transport  corrected  Tafel  plots  (c)  Levich-Koutecky  plots  (d)  dependence  log (j)  versus  log(l  —  j/Jl)  for  ORR  on  CoriChc0re- 
Ptrichsheii/C  in  oxygen  saturated  0.5  M  HC104  with  various  rotating  rates.  WE:  CoriChcore-Ptrich shell /C,  geometric  area  of  WE  =  0.196 cm-2,  RE:  RHE  (0.5  M  HC104),  CE:  Pt  foil, 
electrolyte:  0.5  M  HC104  saturated  with  O2,  temperature  =  25  ±  0.5  °C,  scan  rate:  0.5  mV  s_1 ,  scan  range  =  0.4-1.05  V,  02  flow  rate  =  40  ml  min-1  for  30  min. 


current  density  through  the  liquid  film  as  shown  in  Eq.  (1), 
111111 

—  —  b  ~ h  —  —  b  ~ — T75-  (1) 

J  J  k  J  d  J  f  J  k  BOO1/2 

The  inverse  of  slope  of  the  linear  relationship  between  j-1  and 
oo~ll2}  the  so-called  B  factor,  was  equal  to  0.62 nFC0D2l3v~1!6  where 
n  was  the  electron  transfer  number,  F  was  the  Faraday  constant 
(96,485  coul  mol-1 ),  D  was  the  diffusivity  of  02  in  the  electrolyte 
(1.9  x  10-9  m2  s-1  [17]),  C0  was  the  02  concentration  in  the  solution 
(0.969  mM  measured  by  a  dissolved  oxygen  (DO)  meter),  v  was  the 
kinetic  viscosity  (0.893  x  10-2  cm2  s-1  [18]),  and  00  was  the  rotating 
rate  of  RDE.  The  slopes  by  plotting  j-1  against  oo~^2  on  Pt/C  and 
CoriCh  core "Ptrich  shell /C  electrocatalysts  were  found  from  Figs.  5(c) 
and  6(c)  to  be  7.24  ±0.73  and  6.63  ±0.07  A-1  cm2rpm°-5,  respec¬ 
tively.  The  electron  transfer  numbers  calculated  based  the  slopes 
(B_1 )  in  Figs.  5(c)  and  6(c)  were  equal  to  4  for  both  of  the  electro¬ 
catalysts,  indicating  the  ORR  on  both  Pt/C  and  Corich  core-Ptrich  shell /c 
at  various  overpotentials  followed  a  four-electron  path  to  produce 
water. 

One  of  the  most  extensively  studied  electrochemical  reactions 
is  the  four-electron  electroreduction  of  oxygen  to  water  in  acid 
solution  (Eq.  (2))  [1]: 

02±4H+±4e^2H20  (2) 


The  reaction  rate  of  the  oxygen  reduction  with  respect  to  the 
dissolved  oxygen  and  the  proton  in  the  solution  could  be  expressed 
as, 


r=-±-=kC™Cl 


nFA 


s,0  h4* 


(3) 


where  k  was  the  rate  constant,  Cs  0  was  the  concentration  of  02  at 
the  surface  of  rotating  electrode,  CH+  was  the  concentration  of  H+ 
in  the  solution,  j  was  the  disc  current  density,  and  m  and  p  were 
the  reaction  orders  with  respected  to  the  dissolved  oxygen  and  H+, 
respectively.  The  concentration  of  oxygen  on  the  electrode  surface 
(CS)0)  could  be  expressed  as  (1  -j7Jl)C0  [19,20],  where  jL  was  the 
limiting  current  of  ORR.  Based  on  the  constant  concentration  of  H+ 
for  a  fixed  pH  of  solution,  the  Eq.  (4)  could  be  expressed  as, 


(4) 


where  \<!  was  equal  to  kC^+ .  According  to  Eq.  (4),  the  reaction  order 
of  dissolved  oxygen  could  be  determined  by  plotting  log  (j)  versus 
log(l  -j'/jl)  at  various  rotating  rates  as  the  following  equation  [20], 


logj  =  log jk  +  m  log  (l  -  L)  (5) 

where  ji<  was  the  kinetic  current  density  (jk  =  nFAk'C ™).  Eq.  (5) 
can  be  only  employed  for  the  reaction  under  kinetic-diffusion 
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mixed  control  region.  The  plots  of  log (j)  versus  log(l  —  j'/Jl)  as 
shown  in  Figs.  5(d)  and  6(d)  for  ORR  on  Pt/C  and  Corichcore- 
Ptrich  shell /C  resulted  in  the  straight  lines.  The  slopes  of  the  straight 
lines  obtained  to  be  0.87-1.3  for  the  overpotentials  of  0.15-0.3  V 
implied  a  first  order  reaction  of  oxygen  on  both  Pt/C  and  Corich  core- 
Ptrich  shell /c  electrocatalysts. 

4.  Conclusions 

The  characteristics  and  the  electrochemical  kinetics  of  the  nano¬ 
sized  Pt/C  and  Corichcore-Ptrichsheli/C  prepared  by  combining  the 
chemical  reduction  and  the  thermal  decomposition  methods  were 
investigated.  The  same  fee  crystal  structure  of  Pt/C  and  Corichcore- 
Ptrich  shell /C  were  demonstrated  by  the  XRD,  and  their  mean  particle 
sizes  based  on  TEM  analysis  were  3.58  and  4.12  nm,  respectively. 
The  MA  and  SA  of  ORR  on  Corich  Core~Ptrich  shell  /C  electrocatalyst  were 
obtained  to  be  10.22  Ag-1  and  2.73  x  10-5  A  cm-2,  which  were  1.5 
and  1.8  times  of  ORR  on  Pt/C.  The  increase  in  the  electroactivity 
of  ORR  on  Corichcore-Ptrichshell/C  was  ascribed  to  be  the  decrease 
in  the  Pt-Pt  mean  interatomic  distance  and  the  electronic  effect 
caused  by  the  presence  of  Co.  The  kinetics  of  the  ORR  on  both  of  the 
homemade  Pt/C  and  Corich  core"Ptrich  shell /C  electrocatalysts  in  0.5  M 
HC104  aqueous  solution  were  examined  by  the  film-type  electro¬ 
catalysts  on  RDE.  Two  Tafel  slopes  were  experimentally  obtained 
to  be  67  and  110  mV  dec-1  at  the  overpotential  less  than  100  mV 
and  greater  than  120  mV  for  Corich  Core-Ptrich  shell /C.  The  similar  Tafel 
slopes  of  ORR  were  obtained  by  using  Pt/C  as  the  electrocatalyst. 
The  exchange  current  density  of  ORR  on  Corich  Core-Ptrich  shell /C  was 
obtained  to  be  9.21  x  10-5  A  cm-2,  which  was  significantly  greater 
than  that  on  Pt/C  (6.76  x  10-5  A  cm-2).  The  ORR  on  both  Pt/C  and 
Corich  core"Ptrich  Sheii/C  following  a  four  electron  reaction  mechanism 
was  demonstrated  by  the  experimental  data  and  kinetic  studies. 
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